Benefiting from the excellent temporal resolution proto associative areas. Using anatomically constrained vided by event-related potentials (ERPs), language studmagnetoencephalography (aMEG), the present study ies have described a negativity peaking at ‫004ف‬ ms investigated the stages of word comprehension in real (N400) which is evoked by potentially meaningful matetime in the auditory and visual modalities, as subjects rial including spoken, written, or signed words and picparticipated in a semantic judgment task. Activity spread tures (Kutas and Federmeier, 2000). The N400 is modufrom the primary sensory areas along the respective lated by priming and is commonly viewed as reflecting ventral processing streams and converged in anterior attempts to access and integrate a semantic representatemporal and inferior prefrontal regions, primarily on tion into a current context (Brown and Hagoort, 1993; the left at around 400 ms. Comparison of response Halgren, 1990; Holcomb, 1993; Rugg and Doyle, 1994).
visual modalities. Our underlying hypothesis is that the signal. Estimated dipole strengths across locations were transformed using noise estimates into dynamic statistileft inferior prefrontal and temporal areas are primarily engaged while accessing supramodal semantic knowlcal parametric maps (dSPMs) (Dale et al., 2000) . These maps indicate the statistical significance of estimated edge at approximately 400 ms poststimulus, subsequent to modality-specific and transitional processing activity at each latency and cortical location, resulting in "brain movies." The average estimated activity to novel stages.
The aim of this study was to examine the spatiotempospoken and written words can be viewed in a movie format (see Supplemental Movie at http://www.neuron. ral characteristics ("where and when") of word comprehension in real time in the auditory and visual modalities.
org/cgi/content/full/38/3/487/DC1). The maps were averaged across all subjects using cortical surface alignHigh-resolution structural MRI was combined with temporally precise whole-head high-density MEG and a disment of corresponding anatomical features (Fischl et al., 1999b). Cortical activity was displayed on "inflated" tributed source modeling approach to estimate the anatomical distribution and hierarchical interdependence views of an averaged cortical surface, permitting a view of the activity estimated to lie within the sulci. Inspection of the underlying neural networks (Dale et al., 2000; Dale and Sereno, 1993; Dhond et al., 2001). The task required of the overall activity patterns averaged across all nine subjects suggested that the earliest activity to novel subjects to estimate the physical size of an animal or object denoted by a word. By using repetition priming, words was confined to the visual or auditory sensory areas during tasks in the two respective modalities, folthis study also examined the brain areas showing memory-related differential responses to primed items and lowed by association brain areas in the anterior temporal and prefrontal areas. Estimated activity to novel words investigated their time courses. Finally, the question of the nature of semantic processing and its dependence for selected latencies is presented in Figure 1 . The overall activity pattern is described here for each modality on the presentation modality was considered by comparing patterns of brain activity obtained in the same seriatim.
In the auditory task, the earliest reliable activity was subjects across both auditory and visual forms of the same task.
seen bilaterally at 55 ms in the superior temporal area, as a magnetic analog of the event-related P50 component measured on the scalp (Figure 1 ). Activity estimated to Results lie in the subcentral gyrus most likely reflects blurring of the superior temporal activity; although these areas Behavioral Performance appear to be distinct on the inflated surface presentaAdequate data for both versions of the task were obtion, they are immediately adjoining in the actual brain tained in nine subjects. Response times and perforvolume. This initial activity was followed by a second mance accuracy on the task were monitored continuously. Good agreement between the subjects' judgment peak at ‫001ف‬ ms (N100m) in the perisylvian/superior and the prespecified size criteria was suggested by high temporal plane region. At ‫002ف‬ ms, activity spreads performance levels. Performance indices (dЈ, percent forward, and by 250 ms, activity was estimated to lie in correct scores, and reaction times) were analyzed with the anterior regions of the temporal lobe (AT), perisylvian a repeated-measures ANOVA with factors of task (visual, area, and posterior inferior prefrontal regions bilaterally. auditory) and repetition (new and repeated stimuli).
In addition to sustained contribution of the bilateral periBased on dЈ, a bias-free measure of stimulus discriminasylvian region, the activity was left dominant after 300 bility, performance was significantly better on repeated ms, relying primarily on the AT, anterior LIPC, and bilatthan new items, F(1,8) ϭ 14.4, p Ͻ 0.005, dЈ ϭ 2.64 eral ventromedial prefrontal (VMPF) areas. Time courses and 3.96 for new and repeated items, respectively. In of the estimated activity were plotted for selected locacontrast, dЈ values did not differ between the two task tions. These waveforms (Figure 4 ) suggest sustained modalities, F (1,8) ϭ 0.1, p Ͼ 0.5. Examination of the contributions from the left-dominant AT initially peaking percent correct scores revealed a slightly better perforat ‫014ف‬ ms, followed by the aLIPC (at ‫094ف‬ ms) until mance on the visual form of the task (92.3 versus 87.2 ‫007ف‬ ms. correct hits), F(1,8) ϭ 5.38, p Ͻ 0.049 (uncorrected for
In the visual task, activity started bilaterally in the multiple comparisons). However, there were also more occipital area and spread along the ventral visual pathfalse alarms in the visual version of the task (means ϭ way (Figure 1) . The left-dominant activity followed the 10.4 versus 3.4), F(1,8) ϭ 6.02, p Ͻ 0.04 (uncorrected).
posterior-anterior axis peaking in the ventral occipitoFaster reaction times were observed in the visual, as temporal area at ‫071ف‬ ms, at ‫032ف‬ ms in the STS and compared to the auditory task, F(1,8) ϭ 67.8, p Ͻ 0.0001, inferolateral temporal area, and at ‫053ف‬ ms in the AT and to the repeated, as compared to new items across area, encompassing LIPC and orbitofrontal cortex bilatboth tasks, F(1,8) ϭ 39.9, p Ͻ 0.0005. Reaction times erally by 400 ms. This left temporofrontal activity peakand standard errors of the mean were as follows: 960.0 ing at ‫004ف‬ ms may be the magnetic equivalent of the (40.5) and 759.8 (26.9) to novel and repeated written N400, or N400m. Activity seen in the posterior occipitowords, 1063.7 (27.2) and 981.8 (32.9) to novel and retemporal region at ‫024ف‬ ms appears to be partially due peated spoken words, respectively. to the visual offset response, and it is superimposed over the N400m effects. . The repeat Ͼ novel effects were that can be generalized to the population and are equivalent to random-effects analysis in fMRI. Additional apparently limited to these regions in the left hemisphere because the differences were not significant in the stringency of this test derives from the requirement that the differences in estimated activity coincide in space neighboring regions, nor were they significant in the prefrontal or temporal areas on the right. and time across subjects: in space because exactly the same ROIs were used across all subjects not allowing Late, Supramodal Repetition Effects Activity subsequent to these early effects was signifiany individual variations in localization estimates; in time since the same time window was tested for all subjects.
cantly stronger to novel words in both modalities, and the N400m was reflected in the prominent engagement Early, Modality-Specific Repetition Effects Repetition effects in the auditory modality were due to of the left temporal, followed by the left prefrontal, region. Dynamic SPMs of the difference between the novel stronger responses to novel words ( in the anterior LIPC with latencies of 490 and 600 ms Mesulam, 1998; Raichle, 1996; Warburton et al., 1996) . This view assumes modality-specific lexical compo- (Figure 4) . In contrast, the visual task evoked a bifurcated peak with latencies of 350 and 410 ms in the AT nents accessing a central semantic system. In the current study, the auditory task utilized the phonological region, followed by activity in the anterior LIPC peaking at 450 ms.
input route for understanding spoken words, in contrast to the orthographic route subserving reading. Neural In sum, whereas repetition effects differed between the auditory and visual tasks in the earlier processing substrates of these modality-specific routes were quite distinct during initial processing, but overlapping areas stages (before 300 ms), their substrates overlapped increasingly at later latencies, particularly during the were subsequently activated during stages of semantic and contextual integration. This is particularly evident N400m time window. The main overlapping activity was observed in the left temporal region, with a very similar for the N400m repetition effect. The present evidence favors the claim that modulations in N400 amplitude pattern appearing already at ‫053ف‬ ms, as well as the anterior LIPC and ventromedial prefrontal regions at reflect a supramodal semantic process with primary overlapping contributions from left inferior prefrontal, later latencies, after ‫004ف‬ ms. The temporoprefrontal contributions were strongly left lateralized in the visual left temporal, and medial prefrontal areas bilaterally. Additional contributions were estimated to originate in task version only.
the right prefrontal and temporal areas during the auditory task only. Discussion et al., 1997) . Intracranial studies using Even though our results suggest that the observed activcognitive tasks have reported locally generated N400 in ity is largely overlapping between the two modalities, the ventrolateral prefrontal cortex, (Halgren et al., they are consistent with the view that the sensory input 1994a), which is consistent with our estimated localizacontinues to contribute to the comprehension process. tions.
Experimental Procedures
The initial semantic access takes place in overlapping regions and at comparable latencies in both modalities.
Subjects
The observed lag in peak latency of ‫05ف‬ ms and a ANOVAs for the "early" (225-250 ms) and "late" (300-500 ms) repetition effects. Using a linear estimation minimum norm approach (Dale and Sereno,
